Abstract Plants have multiple strategies, including phytochemicals that protect their vulnerable tissues against pathogens and herbivores. Dioon edule, like all cycads, possess unique azoxy-type compounds, azoxyglycosides (AZGs) as a chemical defense; however, the ontogenetic variability of these compounds in this long-lived cycad is unknown. Here, we investigated the effects of plant age, sex, genotype and individual heterozygosity on AZG levels in mature leaves of wild D. edule populations from eastern Mexico. Individuals were divided into three ontogenetic stages: seedlings, juveniles and adults. We established overall leaf quality by quantifying pigments associated with photosynthesis; chlorophyll a , chlorophyll b and lutein. Leaf chlorophyll a levels were higher in seedlings compared to adult cycads. Plants were genotyped using 11 microsatellite markers and foliar AZG levels were quantified by HPLC. AZG levels do not correlate with plant genotype or the individual's heterozygosity. Genetic analysis identified a distinction between lowland and highland individuals; foliar AZG levels were higher in lowland adult cycads compared to highland individuals. In both populations, the highest AZG levels were found in seedlings compared to adult cycads. These young cycads are highly reliant on their few leaves since seedlings bear one or two leaves for the first years of their life and, thus, are unlikely to recover from defoliation. The results suggest that cycad leaves with a greater nutritive content and a higher value for long-term survival are better protected with higher AZG levels. Female adult cycads have higher AZG levels compared to males, suggesting that the benefits of defense could also be linked to reproductive costs.
Introduction
Plants are protected against herbivores in various ways, including specialized (secondary) metabolites that act as deterrents or toxins (Schoonhoven and Van Loon 2005) . Both the biosynthesis and, if necessary, storage of defensive phytochemicals use resources that could otherwise be used for growth and reproduction (Stamp 2003) . Therefore, there are trade-offs between the metabolic flux into growth or defense, which change throughout plant ontogeny reflecting shifts in developmental and reproductive priorities (Boege and Marquis 2005) . Two main processes associated with plant ontogeny influence resource allocation: changes in plant size (i.e., increase in the resource acquisition organs like roots and leaves), and shifts from growth to reproductive priorities (Boege and Marquis 2005; Stamp 2003; Weiner 2004 ).
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Therefore, to understand a plant's chemical defensive strategy, one must take into account its ontogenetic trajectory.
Depending on the species, specialized metabolites that are part of plant defenses may increase or decrease as plants age (Boege 2005; Bowers and Stamp 1993; Dominy et al. 2003; Goodger et al. 2004; Schappert and Shore 2000; Van Dam et al. 2001) . One theory that accounts for these apparent differences is that trade-offs between costs and benefits are specific to particular metabolites and reflect the plant's life history traits.
As part of life history traits, reproductive strategy often affects resource allocation into plant defenses; gender-related phytochemical differences have been described for several dioecious species (Lloyd and Webb 1977; Obeso 2002) . Due to higher investments associated with female reproduction, male dioecious plants tend to grow faster than females (Lloyd and Webb 1977) . For example, slow-growing females of the dioecious tree, Acer negundo, invest more in the protection of their leaves and are more resistant to insect herbivory compared to faster-growing males (Jing and Coley 1990) .
Plant genotype also may impact phytochemical levels (Wimp et al. 2007 ). Spatial variation in phytochemical defense can reflect genetic background and genetic diversity (i.e., inbred vs. outbred) (Strauss et al. 2002) . Recombination levels and allele segregation that relate to sexual reproduction can influence plant susceptibility to insect herbivores (Johnson et al. 2009 ). Several studies have shown that inbred plants are more susceptible to herbivory than outbreeding species (Bello-Bedoy and Núñez-Farfán 2011; Johnson et al. 2009; Kariyat et al. 2013 ).
In addition, environmental factors, such as altitude, may influence specialized metabolite content affecting the suitability of hosts for insect herbivores (Rasmann et al. 2014) . Erelli et al. (1998) measured lower leaf tannins in the leaves of Betula papyrifera at high elevation sites, which were coupled with a higher growth rate of insect larvae. Rasmann et al. (2014) measured lower herbivory rates and higher flavonoid levels at high elevations, but found no clear trend for other specialized metabolites.
Cycads provide a unique system for investigating ontogenetic, altitudinal, and sex-linked changes in chemical defense; they are dioecious, extremely long-lived species that periodically produce flushes of long-lived leaves, with recorded leaf life times of up to 10 years (Norstog and Nicholls 1997) . Cycad pulses of leaf flushes are intercalated with cone formation in both males and females (Norstog and Nicholls 1997) , and different reproductive costs between males and females have been identified in a few species (Clark and Clark 1988; Ornduff 1987; Vovides 1990 ). Clark and Clark (1988) found that the costs associated with female reproduction heavily depress leaf production (Clark and Clark 1988) . These costs are reflected in strong differences in the frequencies of cone production between male and female cycads.
Cycads are protected against herbivory by toxic and unique azoxy-type compounds (Norstog and Nicholls 1997) . Azoxy compounds are extremely rare in nature, and only have been found in few organisms: Strepotmyces produce azoxylipids, some Entomophthora spp. produce azoxybenzene, and cycads produce azoxyglycosides (AZGs) (Claydon 1978; Ding et al. 2012; Norstog and Nicholls 1997) . The mutagenic and carcinogenic properties of AZGs are well documented and have been validated in bacterial, animal, and plant models (Laqueur and Spatz 1968; Matsushima et al. 1979; Teas and Dyson 1967) . However, these toxic phytochemicals can be overcome by specialist insects that not only are able to survive on cycad leaves but sequester host-derived AZGs for their own defense (Bowers and Larin 1989; Castillo-Guevara and Rico-Gray 2003; Clark and Clark 1991; Prado et al. 2011 Prado et al. , 2014 . Specialist herbivores prefer newly emerged leaves (10-100 days old) and have mechanisms that prevent AZG cleavage, and/or detoxify these compounds (Prado et al. 2014; Teas et al. 1966) . Nonetheless, high AZG levels in the youngest leaves (<10 days) of the cycad Zamia stevensonii limit herbivory by specialist insects; in contrast, fully expanded leaves (>100 days) are protected by leaf toughness, a mechanical defense (Prado et al. 2014) .
Given that ontogeny, gender and genotype might affect the costs and benefits associated with defense, the objectives of this research were to investigate the levels of the defensive AZG in the leaves of the slow-growing, dioecious cycad, Dioon edule. We determined 1) ontogenetic changes in AZG levels in fully developed cycad leaves, 2) sex-related differences in AZG between adult female and male cycads, 3) if plant genotype and individual heterozygosity correlate with variations in AZG levels, and 4) if the genetic structure of the populations could explain AZG levels. Based on our current understanding of D. edule life history, we hypothesized that AZG levels are highest in younger plants to ensure protection of leaves that are critical to reach the next ontogenetic stage. In adults, due to differences in reproductive costs, we hypothesized that AZG investments differ between sexes. We speculate that plant genotype correlates strongly with AZG production, and that individuals exhibiting a higher level of heterozygosity have higher AZG levels.
Methods and Materials
Dioon edule Lindl. (family Zamiaceae) is a medium-sized cycad endemic to eastern Mexico. The population structure for D. edule is an inverse BJ^curve or a Deevey type III curve (Deevey 1947) with high mortality during the first years of life (Vovides 1990) . Therefore, only a small proportion of individuals reach sexual maturity; however, a small fraction of these adults survive for the extraordinary period of more than 2000 years (Rubio-Méndez 2010; Vovides 1990 ). Gender differences associated with reproduction costs are reflected in frequencies of cone production (Vovides 1990) ; between 2.8-8.8 years in males compared to 10.0-52.0 years in females. Major environmental stresses for this species are prolonged drought, fire, and insect herbivory (Mora et al. 2013; Vovides 1990; Yáñez-Espinosa et al. 2014) . Generalist insect herbivores are not observed on cycads (Clark and Clark 1991; Prado et al. 2014) . However, specialist herbivore insects that feed on D. edule include the seed-boring erotylid beetles (previously ascribed to Languriidae) in the genus Pharaxonotha, the leaf-feeding lycaenid caterpillars Eumaeus debora Hbn. and E. childrenae G. Gray, and, occasionally, the aulacoscelidine beetle Aulacoscelis vogti Monrós (Mora et al. 2013; Prado et al. 2011; Vovides 1990; Yáñez-Espinosa et al. 2014 ).
Distribution of Dioon edule Lindl Dioon edule has a northsouth distribution along the Sierra Madre Oriental, with a range of almost 1600 km. Distinct populations can be found in the states of Tamaulipas, San Luis Potosí, Querétaro, Hidalgo and Veracruz (González-Astorga et al. 2003; Mora et al. 2013; Vovides 1990; Whitelock 2004) . The altitudinal range for this species is from sea level to 1525 m above sea level (masl), growing mostly in tropical deciduous thorn forest and oak forest and rarely in grasslands. The study area is located in the southern part of the State of San Luis Potosí, an area known as Huasteca Potosina. The area is characterized by calcareous rock formations, calcareous and clayey-soils and a semi-warm humid climate (Puig 1976) . Large stands of D. edule are found on the slopes and tops of mountains as part of the understory of tropical deciduous forests and oak forests (Quercus laeta Liebm).
Sample Collection Leaves were collected from cycads growing between 388 and 1058 masl; tropical deciduous thorn forest occurred at the lower sites and oak forest at the higher sites (Table 1 , Fig. 1 ). Leaf samples were collected from seven different populations previously characterized demographically by Rubio-Méndez (2010) . These populations are spread across an area of approximately 2750 km 2 . At each location, 21 individuals, including 7 seedlings, 7 juveniles and 7 adults (N = 147 total), were chosen based on the presence of healthy leaves and with a minimum of 20 m between adjacent samples. Ontogenetic stages were defined according to protocols of Rubio-Méndez (2010) as follows: seedlings were defined as individuals lacking an above ground stem bearing only one leaf; juveniles are individuals lacking an above ground stem but producing crowns (flushes) of leaves of more than two leaves; and adults were defined as individuals that have a visible above ground stem and produce flushes of leaves composed of more than three leaves. When present, live or senesced reproductive structures were used to assign the sex of adult plants. The total number of leaves, the length of the longest leaf, stem height, stem diameter and number of previous crowns of leaves were recorded. The number of previous crowns, a proxy for plant age (Vovides 1990) , was counted using the number of girdling leaf traces. A healthy fully toughened mature leaf was selected from each plant. The leaf was cut into segments, keeping leaflets attached to the rachis, and placed on silica gel flakes on ice and brought back to the laboratory where it was kept at −20°C until extraction. A geographical reference consisting of longitude, latitude and elevation was recorded for each sample collected (Supplemental Table 1 ).
Genotyping Genomic D. edule DNA was extracted from 147 D. edule individuals using the DNeasy kit (Qiagen) to extract 200 mg tissue, following the manufacturer's protocols with minor modifications. Leaflets were ground in liquid nitrogen and sieved through a 0.5 mm mesh to remove cuticle and fiber particles. Eleven microsatellite markers were used for genotyping (Supplemental Table 2 ); four markers described by Moynihan et al. (2007) and 7 by Prado et al. (2016) . Forward primers contained a 5′-extension of M13. We used an infrared dye-labeled (LI-COR Biosciences, Lincoln, NE, LTD Low tropical deciduous forest *As described in Rubio-Méndez (2010) USA) M13(−29) sequence (CACGACGTTGTAAAACGAC) as described in Prado et al. (2016) . Microsatellite amplicons were analyzed and scored (fragment length) on a Li-Cor 4300 DNA Analyzer using SAGA version 2.0. Thus, each genotype is represented by amplicon sizes for both alleles at each of the 11 loci.
Genetic Analysis Population genetic structure was assessed first graphically by using agglomerative hierarchical clustering (AGNES) of the genetic distances of individuals using the package Cluster in R (Kaufman and Rousseeuw 2009), then by Principal Component Analysis (PCA) of a correlation matrix of the genotypes using the packages ade4 and adegenet in R, with the function dudi.pca (Jombart 2008) . Finally, population structure was assessed by using the software STRUCTURE and STRUCTURE Harvester (Earl and vonHoldt 2012; Pritchard et al. 2000) . To evaluate genetic isolation by distance (IBD), a Mantel test was performed between the geographic distance matrix and genetic distance (pairwise genetic distance) matrixes with the package vegan using the function mantel (Dixon 2003) . Genetic distance between individuals was calculated as the codominant genotypic distance following Smouse and Peakall (1999) . Observed and expected heterozygosity were calculated per age cohort (Table 2) . Individual heterozygosity was calculated as the proportion of heterozygous loci, PHt.
Chemical Analysis The thick, waxy cuticle that characterizes Dioon leaflets can hamper the extraction of metabolites and DNA. Leaflet samples representing each one of the 147 individuals were lyophilized and ground in liquid nitrogen. The powdered leaflets were sieved through a 0.5 mm mesh to remove cuticle pieces and most fibers. The remaining green powder largely comprised of leaf mesoderm was used for pigment and AZG analysis.
To assess the photosynthetic capacity of the cycad leaves at different ontogenetic stages, chlorophyll a and b as well as the carotenoid lutein were quantified. For chlorophyll Mean number of alleles per locus (Na), mean observed heterozygocity (Ho), and mean expected heterozygocity (He) ± standard error quantification, 100 mg of ground tissue were suspended in 1 ml of 80 % acetone, maintained on ice for 30 min, and then centrifuged at 6000 rpm for 1 min. The supernatant was analyzed spectrophotometrically (Tecan Infinite M200 Pro) at 646 and 663 nm and chlorophyll a and chlorophyll b content were calculated according to Wellburn (1994) . Lutein is the most abundant carotenoid in photosynthetic tissues and plays an important role in the photoprotection of the photosystem (Baroli and Niyogi 2000) . Lutein was extracted from 100 mg of tissue in 1 ml of acetone/ethanol (1:1 v/v, with 1 μg/ml of trans-β-apo-8′-carotenal as the internal standard). Samples were maintained for 15 min at room temperature and centrifuged for 10 min at 8000 rpm. Lutein was quantified by HPLC following Seguin et al. (2011) . Lutein standard (96.6 % w/w, ChromaDex, Irvine, CA, USA) was used to prepare a calibration curve. As Prado et al. (2014) found low AZG levels (≈0.46 μmol/ g FW) in mature leaves of the cycad Z. stevensonii, the extraction protocol for AZGs was modified to include a second extraction step. One hundred mg of mesoderm tissue were extracted in 1.5 ml of 70 % ice-chilled ethanol (EtOH), and vigorously vortexed using a tissue disrupter for 4 min. Samples were incubated on ice for 20 min and then centrifuged at 13,200 rpm for 10 min. The supernatant was transferred to a new vial. The pellet was re-suspended in an additional 1 ml 70 % EtOH, vortexed, and centrifuged at 13,200 rpm for 10 min. Supernatants were combined and an equal volume of water was added before freeze-drying. Lyophilized samples were re-suspended in 25 mM sodium acetate buffer solution, pH 5. In parallel, two aliquots of each sample were diluted 6.5 times in sodium acetate buffer; one aliquot was incubated overnight at room temperature with β-glycosidase (0.5 U; Sigma-Aldrich, St. Louis, MO, USA), and the other aliquot was incubated without enzyme. β-lycosidase cleaves the sugar off the AZGs to generate the methylazoxymethanol (MAM) core. AZGs were quantified by MAM equivalents by HPLC on a reverse-phase HI-Plex Na (Octo) column (300 × 7.7 mm, Agilent) using an isocratic elution of 100 % water at a flow rate of 0.45 ml/min at 65°C (Prado et al. 2011; Yagi 2004 ). Compounds were detected by a photodiode array detector at 215 nm. The MAM peak in the samples was identified on the basis of retention time, and confirmed by the increase and loss of the AZG peaks (cycasin and macrozamin) in the β-glycosidase-treated subsample (Prado et al. 2011) . MAM was quantified based on the peak area and in relation to the seven point standard curve prepared with MAM acetate (National Cancer Institute, Washington, D.C., USA), which was converted into MAM by incubation with an esterase enzyme (Sigma-Aldrich) in 1 M Tris-HCl buffer, pH 8.5, for 1 h at room temperature.
Statistical Analysis Mantel tests were used to quantify the relationship between plant genetics and plant chemistry by age cohort using the mantel function of the vegan package in R. The chemical data were natural log transformed before the calculation of the Euclidean distance matrixes. Distance matrixes on the chemical data were compared to an individual by individual genetic distance matrix and an Euclidean distance matrix of the proportion of heterozygous loci (PHt).
Pearson correlation values between the standardized elements of the matrices (Rxy) based on 999 permutations and their associated significance values were used to assess these correlations (Supplemental Table 3 ).
Difference in pigment levels between the ontogenetic cohorts was assessed by a one-way ANOVA followed by Tukey HSD (honestly significant difference) post hoc test to identify significant differences. As the distribution of AZG data was skewed (Shapiro-Wilk normality test, P < 0.001) and as there was a heterogeneity of variance across age categories (Bartlett homogeneity of variance test, P < 0.001), a Kruskal-Wallis Rank Sum test was performed to test for differences in AZG levels, first on the complete data set followed by multiple comparisons. Additionally, the relationship between previous number of crowns (as a proxy of plant age) and AZG content for males and females was analyzed by fitting linear models. To have data near the origin for these linear models, all seedling and juvenile data were included in both male and female models.
Results
Population Structure Based on the Mantel tests between the geographic distance matrix and genetic distance matrixes (by individuals or by site), there is no indication of isolation by distance (Fig. 2) . The maximum distance between the individuals sampled is ≈ 60 km. Overall, the genetic diversity is relatively homogenous across populations ( Table 2 ). The effective number of alleles and observed heterozygosity (Ho) measured is relatively homogenous across all sites, ranging from 2.72-4 and 0.305-0.595, respectively.
For the eleven microsatellite loci used in this study (Supplemental Table 2 ), genetic diversity was found to Fig. 2 Isolation by distance plot. The geographical distance between Dioon edule individuals is weakly correlated to their genetic distance. Genetic distance was calculated as a multilocus additive distance as described by Smouse and Peakall (1999) decrease moderately with plant age. An average number of alleles of 3.46 and an observed heterozygosity of 0.475 was recorded for the seedling cohort (Table 2) , and then fell to 3.27 alleles and 0.433 observed heterozygosity in adult plants. These results are in accordance with the population structure of this species, with a high mortality occurring at the seedling stage. The stronger selection at the seedling stage reduces the overall genetic diversity.
While no evidence for isolation by distance was found, STRUCTURE analysis revealed the existence of three genetic clusters ( Supplemental Figs. 1, 2a, b) . The AGNES clustering (Supplemental Fig. 1 ) and the PCA on the genotypes revealed that the genotypes could be grouped in two major groups representing highland and lowland individuals, while the remaining smaller group is a mixture of both highland and lowland individuals (Fig. 3) . Hence, the genotypes follow an altitudinal pattern with highland individuals (>800 masl) being to some extent distinct to lowland individuals (<800 masl). This result led us to consider these two groups as separate for the analysis of AZG levels.
Pigments Nitrogen deficiency can negatively affect chlorophyll biosynthesis and, therefore, levels of these photosynthetic pigments reflect leaf nutritional quality (Liu et al. 2006) . Chlorophyll a , chlorophyll b , and lutein levels ranged from 0.16-0.77 μg/mg, 0.13-0.62 μg/mg, to 0.06-0.6 μg/mg, respectively, in D. edule leaves (Fig. 4a) . Pigment concentrations in the leaves remained stable throughout the ontogenetic stages of D. edule, except chlorophyll a content, that was higher in seedlings compared to adult cycads. The levels of these three pigments were not correlated to plant genotype or individual heterozygosity (Supplemental Table 2 ). All correlations between plant genetics and plant chemistry were weak (Rxy < |0.29|), and with the exception of the weak correlation between chlorophyll b and PHt in seedlings (Rxy = 0.28, P < 0.01) and also between AZGs and PHt in adults (Rxy = 0.165, P < 0.05), none of the correlations was significant (Supplemental Table 3 ).
Azoxyglycosides AZG levels in fully developed D. edule leaves ranged from 1.52 to 26.51 μmol/g fresh weight (Fig. 5) . These levels are comparable to other cycads. For example, Z. stevensonii mature leaves contain in average 0.46 μmol/g fresh weight (Prado et al. 2014) . Yagi (2004) found that leaves of several cycad species contain AZG levels of 3.9-79.29 μmol/g. As mentioned, the observed variation in AZG levels in D. edule leaves was not correlated to plant genotype or to the individual heterozygosity of each plant according to standardized Rxy values of the Mantel tests (Supplemental Table 3 ).
A negative relationship was observed between plant age and AZG content (Fig. 4b) . Seedlings contained the highest AZG levels with an average of 9.11 μmol/g FW followed by juveniles, with an average of 6.86 μmol/g FW, and was lower in adult plants with an average of 5.43 μmol/g FW. These differences were supported by pairwise Kruskal-Wallis Rank Sum tests. The same pattern is observed if the data are separated into high and lowland individuals (Fig. 4c) .
Focusing on adult cycads, lower AZG levels were found in the leaves of males compared to females (Fig. 4d) . Male leaves contained an average of 4.72 μmol/g FW, while female leaves contained 6.35 μmol/g FW. As plants age (as estimated by counting the girdling scars on the cycad's trunk), AZGs levels in leaves decreased more quickly in male (slope of the linear regression of AZG content −0.043) than female (slope of the linear regression of AZG content −0.016) cycads (Fig. 5) .
We found 42 % higher AZG levels in lowland adult individuals when compared to highland adults (Fig. 4c) . Highland adults contained an average of 4.56 μmol/g FW, while lowland adults had an average of 6.51 μmol/g FW. This difference was not due to a higher proportion of females sampled in the lowland group. The ratios between sexed individuals in highland and lowland sites were similar (7 females and 9 males sampled in lowland sites and 10 females and 13 males sampled in the highland sites).
Discussion
We examined chemical and genotypic variation in D. edule individuals from the Huasteca Potosina, Mexico. We found evidence of differentiation between lowland and highland individuals, which supports the distinction of lowland and highland forms recognized by Whitelock (2004) . The genotypic differentiation is matched by a difference in AZG content in adult plants, where lowland individuals produce higher levels of toxins compared to highland individuals. Since there is strong evidence of gene flow and consistent levels of genetic diversity across sites, the genetic and chemical variation observed between highland and lowland sites most probably is explained by environmental differences rather than isolation. Plant genetics did not explain the variation in leaf chemistry at the individual level. Pigment concentrations and AZG content are not correlated with heterozygosity or with genotype. However, the 11 microsatellite markers used were from noncoding regions of the genome, which might explain this lack of correlation between plant genetics and leaf chemistry.
Young seedling cycads only bear one or two leaves in their first 3-5 years. The mortality rate during this initial life stage is high, mainly due to drought and herbivory (Mora et al. 2013; Vovides 1990; Yáñez-Espinosa et al. 2014 ). Compared to adult plants, leaves in these young plants have higher levels of chlorophyll a , indicating higher nutritional quality for insect herbivores (Liu et al. 2006) , and higher AZG levels, possibly for protection (Figs. 4, 5) . Foliar AZG defenses decrease as plants age; on average, leaf AZG levels in seedlings are 68 % higher than in adults. Therefore, high concentrations of toxic metabolites seem most advantageous at this stage to protect tissues with high photosynthetic potential and a high value to seedling survival.
In a study on leaf production and reproductive cost in the cycad Zamia skinneri, Clark and Clark (1988) found strong differences in reproductive costs between female and male cycads; leaf production in females was depressed for two years after cone formation, thus implying higher costs associated with female reproduction (Clark and Clark 1988) . As in Z. skinneri, the difference in the physiological costs of reproduction between males and females could be a determining factor in the frequency of leaf production in D. edule, with females producing leaves less frequently than males (Clark and Clark 1988) . Vovides (1990) estimated cone production frequencies in D. edule to be 2.8-8.8 years in males compared to 10.0-52.0 years in females. We observed a clear difference in AZG content in the leaves of D. edule in relation to sex, Relationship between cycad age and leaf azoxyglycoside (AZG) content. The number of leaf crowns was used as a proxy for cycad age. AZG levels are lower in older plants; this decrease is more pronounced in adult male (slope of the linear regression of AZG content −0.043) compared to female (slope of the linear regression of AZG content −0.016) cycads. Seedling and juvenile data are included in both linear regressions to provide a reference near the origin with females having 38 % higher AZG content than males. The difference observed could be associated with costs of reproduction. Male individuals with lower reproduction costs are able to produce leaves more often and possibly withstand higher levels of herbivory than females. A few studies on dioecious woody angiosperms have found female individuals better defended against herbivores than male plants (Boecklen and Hoffman 1993; Jing and Coley 1990) . In our study sites, female and male D. edule had similar total numbers of leaves (25.2 ± 2.3 and 22.7 ± 1.9, respectively, Supplemental Table 3 ). Mechanisms that alleviate the costs of reproduction have been identified in several dioecious species (Obeso 2002) . The longer intervals between cone formation in females could be a mechanism to alleviate reproductive costs. Other mechanisms include changes in assimilate demand that can result in changes in photosynthetic rates (Obeso 2002; Wardlaw 1990 ). For example, female Ginkgo plants have higher photosynthetic rates than males (Jing et al. 2008) . It is unknown if a similar compensatory mechanisms exists in cycads.
In summary, our results show that the AZG content in D. edule leaves changes as plants age, and is different between sexes. Our results are compatible with the Optimal Defense Hypothesis (Rhoades and Cates 1976) ; the consequences of losing a leaf at the seedling stage represents a greater risk than losing a leaf at the adult stage, hence, seedlings are better chemically defended than adults. As plants grow, they increase their tolerance to herbivory and are able to invest more in mechanical defenses that are effective even against specialist herbivores (Prado et al. 2014) . Therefore, as leaf and root resources increase, the need to chemically defend leaves decreases. If costs associated with female reproduction are indeed higher in cycads, the Optimal Defense Hypothesis also could explain observed sex differences in AZG levels. Males with lower costs can withstand higher herbivory levels and, hence, invest less in chemical defense. Future studies of cycads should evaluate insect damage, preference and performance on different ontogenetic stages and sexes.
